Abstract 3
INTRODUCTION
The Chacahoula salt dome is one of five salt domes that have been identified as possible candidates for an expansion site for the United States Strategic Petroleum Reserve (SPR). The SPR currently consists of four underground storage sites with a total capacity of 727 MBB of crude oil. The locations of the four active SPR sites are indicated on the regional index map of figure 1.
The Energy Policy Act of 2005 (P.L. 109-58) directs the U.S. Department of Energy (DOE) to investigate options for expanding the Reserve significantly, to its full Congressionally authorized capacity of one billion barrels. Although some of this expansion will be accommodated by the construction of additional storage capacity at one or more of the existing SPR sites, the magnitude of the required expansion dictates that at least one new site be considered.
The Chacahoula dome is located in northwestern Lafourche Parish, in southern Louisiana. The dome is positioned approximately 72 miles southeast of Baton Rouge and approximately 66 miles southwest of New Orleans. Specifically, the dome is located 8 miles southwest of the town of Thibodaux.
Chacahoula is one of the largest Gulf Coast salt domes. The dome measures approximately four miles from east to west and three miles from the north to south, within 10,000 ft of the surface (Magorian and Neal, 1990) . Within the -2000 ft contour, the salt covers an area of approximately 1809 acres. Wells have encountered the shallowest caprock and salt at a sub- 
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sea elevation of -875 and -1116 ft, respectively. The Chacahoula site ground surface is a swamp with an elevation of 6-7 feet (DOE, 1978) .
This report describes the geology of the Chacahoula salt dome as it relates to potential selection of this site for SPR expansion. The description utilizes the best information available from the literature and petroleum industry sources.
GEOLOGY OF THE CHACAHOULA SALT DOME
Background
Gulf Oil Corporation discovered the Chacahoula salt dome in 1926 using refraction seismic data. In 1927, exploratory drilling penetrated caprock. The Gulf Oil Dibert Stark & Brown No. 25 well encountered salt in 1930. Sun Oil Company discovered petroleum in 1938, and production of oil and gas continued as of 1990 (Magorian and Neal, 1990 ).
The majority of oil production has been from the southern and eastern flanks of the dome. Most production on the north and west sides of the dome has been gas. Freeport Sulphur conducted sulfur mining operations, from 1955 to 1962, in the northeast-central region of the dome. Approximately 700 acres of the caprock were affected (DOE, 1978) . Texas Brine Company still operates three brine caverns along the south-central flank of the dome (Magorian and Neal, 1990 ; Louisiana Dept. of Natural Resources website, sonrisgis.dnr.stae.la.us/gis/sonris/viewer.htm).
Previous Investigations
The geology of the Chacahoula salt dome has been documented by only a few sources in the open literature. The New Orleans Geological Society (NOGS) published a structure contour map of salt in 1961 (Spillers, 1962) . The NOGS map has since been referenced by other authors, including Murray (1966) and the U.S. Energy (DOE; 1978) . An updated, visually simplified map was presented in 1990 by Magorian and Neal (1990) . This reinterpretation incorporated a number of new wells drilled since 1961.
Department of
The current interpretation by Sandia National Laboratories, as described in this report, is similar to the original New Orleans Geological Society map of 1961 (Spillers, 1962) . The Chacahoula dome is a shallow piercement dome. The dome has been described by Magorian and the DOE as a large elliptical structure with a rounded top and steeply dipping flanks. To the east, overhang is present below -8000 ft.
Most of the available well control is along the southern flank of the dome, where many wells have encountered salt at depths of approximately 4500 ft. The southern flank has been well defined as a consequence of intensive drilling, related to hydrocarbon production in this area. In comparison, the north flank of the dome has only poor well control. The massive dome is thought to be divided into several spine complexes.
The caprock is composed primarily of anhydrite with less abundant quantities of gypsum and calcite. A large number of faults are reported to cut through the caprock, and have created zones of lost circulation. The quality of the underlying salt is unknown (DOE, 1978) .
Data
Data to support this assessment of the Chacahoula salt dome were acquired from a number of different sources. A database, containing locations and other basic data for historical oil & gas wells, was acquired from Tobin International, a commercial vendor of well-location data (www.tobin.com). Additional well-location information and basic well data were obtained from the Louisiana Depart-Geophysical well logs, oil-industry scout tickets, and well-completion cards were also obtained from commercial oil-industry sources. A large number of depths to the tops of caprock and salt were taken from table 1 of Magorian and Neil (1990) . Some well information was extracted from the structure contour maps presented in the classical 1961 compilation of salt domes of Louisiana, published by the New Orleans Geological Society (Spillers, 1962) A total of 587 documented wells have been drilled within approximately one mile of the Chacahoula salt dome. Of these wells, Sandia was able to acquire 290 electric/induction well logs and/or scout tickets and completion cards from oil-industry sources. Of the 290 available records, 37 wells document penetrating caprock, while 30 wells penetrate salt.
In addition to these verified intercepts of the salt dome, Magorian and Neal (1990) report an additional 27 wells that document the presence of salt. Another eight top-of-salt and 13 top-of-caprock depths were obtained directly from the 1961 structure-contour map (Spillers, 1962) .
A comprehensive list of all the wells identified by this study is presented in Appendix A. Well locations in the immediate vicinity of the Chacahoula salt dome are plotted on the map which forms plate 1, located in the pocket in the back of this report. A smaller-scale version of this well-index map is presented as figure 2.
Notice on plate 1 that there is a small area in the east-central portion of the map for which the intensity of drilling is quite high. This area, shown in the red outline, was the principal location of past sulphur-mining activities. Mining was via the Frasch process, which involves injecting high-temperature steam and water into the formation, melting the crystalline sulphur, and extracting the molten material. An enlarged map of this local area is presented as plate 2. Note that the majority of these wells were drilled directionally. A smaller-scale version of this map is presented as figure 3.
A search for commercially available seismic data within the immediate vicinity of the Chacahoula salt dome was conducted by a broker of non-exclusive seismic data. Three seismic lines were identified that cross the Chacahoula field. The locations of these lines are shown in figure 4.
Of the three lines, only one line appears to be worth acquiring for potential reprocessing using current algorithms. The other two lines are of significantly lesser quality. The SEI 17/ 17A line was shot approximately from north to south, over the western portion of the dome. There are no records indicating the existence of 3-D seismic surveys in this area.
Caprock
Structure contours on top of caprock are presented as plate 3, in the pocket at the end of this report. A small-scale version of this map, slightly simplified to enhance readability, is presented as figure 5.
Caprock was mapped using only well control. The data are principally from scout tickets, and from wells drilled by Freeport Sulphur. The structure contour maps show that the dome is generally elongate from west to east. The caprock is shallowest in the southcentral part of the dome, with intercepts at an elevation of -875 ft.
Overall, the caprock appears to be subdivided into two parts. The segment to the east exhibits the same trend as the overall dome, and it is elongate from west to east. The western portion of the caprock displays a different character: elongate from north to south. The 
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Geology of the Chacahoula Salt Dome 11 top of caprock dips steeply towards the south, and in this area, it is well defined by drilling. The caprock to the north and west also dips at a rather steep angle, but the interpretation is defined by only sparse well control. Toward the northeast, the top of caprock appears to dip less steeply.
The structure contour map shown in figure 5 has been digitized and converted to a threedimensional computer model, using the methodology of Rautman and Stein (2003) . A top view of the model of the Chacahoula salt dome, showing the structure on the top of caprock, is presented in figure 6 . In this visualization, the caprock surface is colored by its elevation below sea level. The flanks of the underlying salt stock, itself, are represented by the grey surface. Modeling of the salt is discussed later in this report.
Two perspective visualizations of this same 3-D model, showing the geometry of the salt dome caprock, are presented in figure 7 . Figure 7 (a) is a view from the southwest, and part (b) of the same figure is a view from the southeast. Visualization of the segmentation of the caprock is enhanced by both the perspective view and the use of a colored elevation scale.
Segmentation suggests the presence of two separate spine complexes. Differential movement of individual spines, with removal of 
varying amounts of upwelling salt by fresh ground waters, almost certainly took place in the underlying salt mass.
An isopach map, showing the thickness of the caprock unit is presented in figure 8 . This 3-D computer model was created using data from both the top-of-caprock and top-of-salt and structure contour maps (the salt model is described below).
The elevations of grid nodes composing the model of the top of salt were subtracted from the elevations of the corresponding grid nodes constituting the top of caprock. These differences, representing the thickness at the node locations, are then modeled, contoured, and displayed using the color scheme indicated on the left-hand side of figure 8.
The modeled thicknesses indicate that the caprock unit is thicker beneath the two major structural culminations, shown in figures 5 to 7. The spatial correlation is quite pronounced. The north-south trending structural high, on the western side of the dome, is the location of the caprock exhibiting the greatest thickness: nearly 1000 ft.
The correlation of thick caprock with structurally high regions on the caprock surface is not unexpected. A greater thickness of caprock represents a greater accumulation of insoluble materials, from dissolution of slowly upwelling salt. As the top of the salt stock, itself, is continually dissolved at the base of 'fresh" ground water, impurities accumulate and undergo diagenesis to form caprock anhydrite, gypsum, and/or limestone. Consequently, one can use thickened areas of caprock to identify the likely location of more rapidly moving salt. These semi-independently moving, semi-discrete portions of the salt dome are generally referred to as salt spines. The regions between different spines form what are termed boundary shear zones. 14 Geology of the Chacahoula Salt Dome
In addition to the two regions of thicker caprock corresponding to the main structural high points of the top-of-caprock surface, there is a third prominent area of thicker caprock, located along the northern flank of the Chacahoula dome. This third area trends more or less east-west, and it appears to extend eastward from the northern terminus of the north-southtrending thick region on the western side of the dome ( fig. 8 ). The origin of this third region of thick modeled caprock is obscure. However, we note that the structural form of the caprock in this northern-flank region is only poorly constrained by limited well control.
Salt
Structure contours drawn on the top of salt are presented on plate 4. A smaller-scale version of this map is presented as figure 9 , only with the actual salt-intercept depths removed, in order to reduce visual clutter. The Chacahoula dome was mapped using only well control. The salt interpretation is similar to a map produced by the NOGS in 1961 (Spillers, 1962) . The current map is refined, with the addition of new wells drilled during the past 45 or so years.
The salt stock is generally elongate from the west towards the east. The contours defining the dome form a crenulated pattern. The shallowest salt point, at an elevation of -1116 ft, is located in the central southwest region of the dome. The dome flank dips steeply to the south where there is good well control. The mapped salt flanks also dip steeply to the north and west, although well control is more sparse 
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Geology of the Chacahoula Salt Dome 15 Two regions of salt overhang have been mapped. The overhang to the east is the more severe, but it is present below -8000 ft elevation. The lesser overhang to the southeast is present below an even greater depth: -10,000 ft. Both of these areas of salt overhang are distinctly below proposed cavern depths, and thus they should be of little concern for SPR expansion activities. Figure 10 represents the top view of the 3-D computer model developed from the structure contour map of figure 9. Conversion of the structure-contour map to a three-dimensional computer model used the methodology of Rautman and Stein (2003) . Subsea elevations of the salt surface are colored by their elevation. The relatively flat upper surface of the salt mass, described previously on page 12, is quite evident in the uniform shades of red in this illustration.
Perspective visualizations of the threedimensional model of the salt stock are presented in figure 11 . Figure 11 (a) is a view from the southwest, and part (b) of the same figure is a view from the southeast. The visualization of the overhangs at depth is more apparent. The two locations are marked by the arrows in figure 11 . 
The creation of a computer model also allows for three-dimensional visualization of well distribution with depth. This modeling tool allow a more comprehensive and intuitive presentation of how the well data control the dome interpretation. Figure 12 presents the distribution of well control over the Chacahoula dome, for both caprock and salt.
There is a large number of wells located along the southern flank. On top of the dome a group of wells are concentrated at previous sulfur mining area (plate 2; fig. 3 ). Well control is sparse along the northern flank. Figure  13 displays two different perspective views of the Chacahoula dome, showing locations and depths of available exploration wells and how those wells have influenced the interpretation of flank geometry, including the salt overhangs.
AREA AND VOLUME OF SALT AVAILABLE FOR DEVELOPMENT
The three-dimensional model of the Chacahoula salt dome have been used to generate quantitative estimates of the extent of salt nominally available for cavern development at this proposed site. We have produced estimates of both area and volume. These values are presented in table 1. Total Salt: 0-2,500 ft 4.53 x 10 10 1.28 x 10 9
Total Salt: 0-4,500 ft 2.54 x 10 
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The area of the salt dome, at a subsea elevation of approximately 2000 ft, was roughly 1,809 acres, which is equivalent to approximately 2.8 square miles or 7.32 km 2 . As suggested by examination of the geometric model of the salt stock ( fig. 11 ) the area of salt increases somewhat with depth, to a depth of at least 8000 ft. The volume of the dome, from the salt crest to 6000 ft subsea, is estimated to be 4.93 x 10 11 cubic feet (1.40 x 10 10 m 3 ).
Current SPR cavern-design concepts specify construction of oil-storage caverns between depths of approximately 2500 and 4500 ft. Table 1 presents the volume estimates for the portion of the salt stock from the crest to subsea elevations of 4500 ft and 2500 ft. Differencing these two volume estimates yields the approximate volume of salt within the prime cavern interval. This volume is 2.08 x 10 11 cubic feet or 5.90 x 10 9 cubic meters (table 1). Figure 14 presents a conceptual-design layout of a 160-million barrel (MMB) SPR storage facility at the Chacahoula site (PBESS, 2006) . The facility would consist of sixteen 11-MMB caverns, each with an oil capacity of 10 MMB. Figure 15 shows a perspective visu- 
CONCEPTUAL CAVERN DESIGN
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Conceptual Cavern Design 21 alization of the 16 caverns positioned within the salt stock. Note that the conceptual design was developed based upon pre-existing geologic descriptions of the Chacahoula salt dome, and was developed independently of this technical assessment study. Accordingly, the conceptual design has not been optimized.
The potential SPR expansion facility, as proposed by PBESS (2006), is positioned within the western portion of the Chacahoula dome. The western part of the salt stock appears generally suitable for cavern development. Reference to figures 14 and 15 indicates that the caverns, as proposed, would be located at substantial distances from the edge of the salt mass. There are no regions of meaningful salt overhang in this western part of the dome, as the flanks are currently mapped. Additionally, the overall large size of the Chacahoula dome suggests that significant flexibility of design exists, to accommodate any adverse geology revealed by more extensive geologic characterization.
The eastern part of the Chacahoula salt dome would appear, a priori, to be less favorable for development of a large underground storage facility. A non-trivial portion of this region was mined for sulphur deposits, within the caprock, using the Frasch process of injecting superheated water into the caprock to melt the sulphur. 
Discussion 23 Very high residual temperatures, affecting a large area around the actual locus of mining, are known to persist for many decades after the cessation of such activities. In addition to exhibiting very significantly elevated temperatures, the caprock unit adjacent to historical sulphur-mining activities is likely to be pervaded by acidic and highly corrosive solutions. Corrosion of cavern well casings and consequent well failures are possible in the long term. Large expenses associated with continual monitoring of cavern wells are likely.
In addition to the restrictions imposed by the historical sulphur-mining activities, the Texas Brine Company owns and operates three brine caverns along the south central region of the dome. This area of brine caverns is shown in figure 14 . The peripheral location of these caverns would not affect siting of the proposed SPR cavern field, as currently envisaged.
DISCUSSION
The Chacahoula dome is a very large salt mass that is elongate from west to east. Such large salt stocks are generally considered to Figure 15 . Perspective visualization of the conceptual-design SPR storage caverns (red), positioned within the partially transparent shell of the Chacahoula salt dome. View is from the southwest.
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comprise several spine complexes (Kupfer, 1976) . The two-part segmented geometry of the top of caprock, best illustrated in figures 6 and 7, suggests the presence of at least two, more-or-less distinctly separate, salt spines. The modeled presence of two discrete areas, within which the caprock thickness exceeds 800 ft, also suggests at least a two-fold subdivision.
The thickness of caprock may be taken as a first approximation of the quantity of slowly upwelling salt that has been dissolved, over time, by near-surface, relatively fresh ground waters. Thicker caprock represents a greater accumulation of anhydritic and other impurities within the dissolved salt, which in turn implies larger, and potentially faster, upward salt movement in such areas (Martinez, 1980) . Structurally low regions between such quasi-independently moving salt spines are considered to represent boundary shear zones, along which the differential movement of salt is accommodated. Boundary shear zones also may be suggested by contour reentrants, particularly on the top-of-salt surface, or by regions of substantially thinner caprock.
The isopach model of the Chacahoula salt dome, figure 8, indicates several regions (white) of thin to missing (?) caprock. These regions generally correspond to the geometrically low parts of both the caprock surface and the top of salt. They also appear to extend toward the locations of the stronger contour reentrants mapped on the top of salt. Figure 16 presents an illustration of possible boundary shear zones, in relationship to the proposed caverns, as indicated by the preliminary conceptual design (PBESS, 2006) . The figure indicates the likely presence of a boundary shear zone passing through, or along the eastern margin of, the proposed cavern field. This boundary shear zone would be the structural feature which divides the dome into the eastern and western segments, described previously.
In addition, it appears likely that there may be two additional boundary shear zones, of distinctly lesser relevance to the cavern field proposed by the conceptual design documents. One of these zones is located within the eastern part of the salt stock, and its presence is suggested by the very strongly reentrant structure contours on the north side of the east half of the dome. Interestingly, this contour reentrant trends essentially straight toward the area affected by historical sulphur-mining activites. Potentially, brecciation of the caprock that may have been part of the cause for localization of sulphur deposits in this area, may be related to this boundary shear zone.
The other possible boundary shear zone is suggested more by the thickness model of the caprock. In this model, shown in figure 8, there is a prominent, linear structural low trending from northeast to southwest, in approximate the center of the Chacahoula dome. This diagonally trending structural feature appears to originate, at both ends, at positions close to the southern and northern terminations, respectively, of the more northsouth-trending western and eastern boundary shear zones. Should the Chacahoula salt dome be selected for actual expansion of the Strategic Petroleum Reserve, the locations of these boundary shear zones should be considered during advanced conceptual design.
CONCLUSIONS AND RECOMMENDATIONS
The Chacahoula salt dome is one of five salt domes identified as a possible candidate for an expansion site for the Strategic Petroleum Reserve. A geologic assessment using only existing information has determined that Chacahoula is a suitable site for expansion. The salt dome at an elevation of -2000 ft extends across an area of approximately 2.8 square miles. The shallowest caprock intersect
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Conclusions and Recommendations 25 is at -875 ft. The shallowest salt reached was documented at -1116 ft. Chacahoula is a large dome that is fairly flat to the -4000 ft contour line. The flanks plunge steeply on all sides, particularly to the south were well control is relatively dense. The structure contours on top-of-caprock along with corresponding areas of caprock thickness exceeding 800 ft infer that Chacahoula consists of at least two spinal complexes. Contour reentrants mapped on top of salt suggest the presence of boundary shear zones that could affect cavern development. The Chacahoula dome has two overhangs one to the east and one over the southeast flank. Both overhangs occur below -8000 ft and should not impact cavern development.
The acquisition of seismic data would be desirable. In particular the acquisition of the 2D seismic line SEI 17/174, which runs across the northwest quadrant where the proposed site is to be located, would add more control to the western region of the dome. In addition, little can be said about the salt quality of the dome and the internal structure and fabric can only be postulated.
Based on the analysis presented in this report Sandia believes that the Chacahoula salt dome is a suitable site for expansion by the Strategic Petroleum Reserve. The dome could be developed as is, but as the project progresses and additional data are acquired the information should be incorporated into the geologic model. The western region of the salt dome has sufficient area and volume available for cavern development. It is apparent that the proposed placement of caverns within the salt dome will not be affected by depth of salt and they have been placed a sufficient distance from edge of salt. 
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